Liver cytotoxic alterations of adult medaka (Oryzias latipes) following short-term bath exposure (48 hr) to 500 mg/L diethylnitrosamine (DEN) were studicd (days 3-2 1) by electron microscopy and cytochemistry. Control medaka displayed hepatic sexual dimorphism as described for other sexually active fish. Following DEN exposure, decreased glycogen stores with loss ofcellular compartmentation obscured sexual dimorphism. A spectrum of organelle alterations, previously not reported in livers of fish, was seen. Early changes in hepatocytes included: nuclcar lipid inclusions, nucleolar changes, decreased amounts ofgranular endoplasmic reticulum (GER), increased fractionation and steatosis of GER, proliferation of smooth ER and lysosomes, reduction in number and content of particulate lipoproteins and vitellogenin in Golgi vesicles, and reduction in number and staining intensity of perioxisomcs. At day 14 and/or 21, partial to complete reversal of the above alterations indicated hepatic recovery, and fewer necrotic cells were seen at day 21 versus day 14.
INTRODUC~ION .
Aquatic toxicologic pathology is hampered by a lack of information on morphologic alterations in teleost livers, the principal target organ (49) . Carbon tetrachloride (20, 52, 53) , bromobenzene (62) , acetaminophen (1 2), or acrylamide (5 1) failed to induce appreciable necrosis in trout liver. Only allyl formate induced severe hepatocellular necrosis (13, 14) . This apparent refractiveness of fish liver to some, but not all, compounds might be accounted for by lack of bioavailability (not tested) or differences i Ln host metabolism (12) . In mammalian liver, acetaminophen, allyl formate, bromobenzene, and carbon tetrachloride exposure was associated with zonal necrosis as a consequence of spatial differences in metabolic function within the lobule (38, 40, 65) .
There is no evidence of toxicant-induced zonal hep-atotoxicity in fish (12, 15) . This corroborates conventional histological and histochemical studies, which either failed to reveal a metabolic zonation in fish liver (24, 57) or showed less evidence (56) than seen in mammalian liver.
With the discovery of epizootics of neoplasms in wild fish populations (10, 26) and the application of biomarker approaches in field monitoring studies (29, 30, 48) , endpoints detectable by histo; and cytopathology are receiving increasing attention. Inteiest has been directed toward small fishes in laboratory (33, 42) and field studies (61) that present distinct advantages for iit viw carcinogenicity studies (28). However, toxicity has received less attention (46) . Exposure to diethylnitrosamine (DEN) is associated with appreciable hepatotoxic effects in medaka (8, 42) , providing an opportunity to investigate cytotoxic lesions in specific liver cells. In this study, DEN was applied at a higher dose, but for a shorter period than was previously used in carcinogenicity assays (3 1, 36, 42). Cardiac perfusion fixation was followed by standard ultrastructural and cytochemical procedures to serially observe acute DEN-induced toxicity.
MATERIALS AND METHODS
Fish Culture and Maintenance. Medaka (Oryzias latipes) were from embryonated eggs reared under constant aeration at the Aquatics Center (Institute of Ecology), University of California, Davis. Water, prefiltered over charcoal, treated with reverse osmosis, and reconstituted according to Environmental Protection Agency (EPA) guidelines for moderately hard water (34) was maintained at 80-100 mg/L CaCO, (hardness), pH 8.0 f 0.1, 7.8 f 0.1 mg/L 02, and 25°C. Ammonia, nitrite, and nitrate were kept below detection limits. Except for the 48-hr exposure period, when feeding was interrupted, fish were fed a purified casein-based diet developed at the Bodega Marine Laboratory, University of California, and modified by us for use with medaka (1 1) at a daily rate of 3 4 % body weight throughout the experiment. The dietary components were: 50.0% protein, 27.2% carbohydrates, 3.6% fibrous material, 12.2% lipid, 4.8% water, and 3.0% ash (11) . Photoperiod was 16 hr light and 8 hr dark. DEN Exposure. Male (n = 16) and female (n = 16) 3-month-oldY sexually active medaka (average length 27 mm, mean weight 130 mg) were randomly selected for exposure to 500 mg/L DEN in a static system for 48 hr. The admittedly high DEN concentration was chosen in order to induce maximum pathologic change. Range-finding experiments in our laboratory have demonstrated survival (> 80%) of medaka after this exposure. For exposure, 0.5 ml of DEN stock solution (1 mg/L; Sigma Chemical Company, St. Louis, MO; lot no. 67F0480) were added to 750 ml of reconstituted water. After thorough mixing, this was added to 250 ml of reconstituted water containing the fish. Exposures were conducted in the dark within a negative pressure glove box and exhaust was passed through a HEPA filter prior to atmospheric release. Water samples were taken at 0, 24, and 48 hr and analyzed for DEN concentrations using UV spectrophotometry with known standards. Following photo-degradation and dehydration, waste water was disposed of by Environ: mental Health and Safety personnel.
After the exposure, fish were rinsed in clean water and transferred to 22-L tanks in an uncontaminated recirculating system. Serial samples for electron mi-croscopy and cytochemistry were taken 3,8, 14, and 21 days after the onset of exposure.
Control fish (n = 30) were held under identical conditions except for the absence of DEN.
Electron Microscopy. On each sampling date, livers from a total of 4 male and 4 female fish from control and treated groups were processed for electron microscopy.. To control for diurnal variation, all sampling was performed at midmorning. Fish were anesthetized in 3-aminobenzoic acid ethyl ester (MS-222; 50 mg/L). IIZ situ cardiac perfusion was achieved through the ventricular wall using a Haake Buchler Multistatic pump equipped with a 2.5-mm (id.) Tygon tube and a sharpened glass capillary needle with a terminal opening of 80-100 pm. The vasculature was flushed with fish physiological saline containing 2.5% polyvinylpyrrolidone (PVP, Merck, Darmstadt, Germany) and 0.5% procaine hydrochloride (Merck) for 30 sec to remove blood cells. This was followed by ice-cold 1.5% glutaraldehyde and 1.5% formaldehyde (freshly prepared from paraformaldehyde) in 0.1 M sodium phosphate buffer (pH 7.6) containing 2.5% PVP. The perfusion rate was adjusted to 2-3 mumin. The liver was excised immediately after perfusion and, after immersion in perfusion fixative for at least 20 min at 4"C, cut into slices of 50-80 pm using an Oxford vibratome. Fixation was continued in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.6) containing 4% PVP and 0.05% calcium chloride for 20 min at 4°C. After rinsing in cacodylate buffer, the tissue slices were postfixed for 1 hr at 4°C with 1% osmium ferrocyanide (39).
After washing in 0.1 M cacodylate and 0.05 M maleate buffer (pH 5.2), the tissue was stained en bloc with 1% uranyl acetate in maleate buffer for at least 1 hr at 4°C. Specimens were dehydrated in a graded series of ethanol and embedded in Spurr's medium (60) . Ultrathin sections of 60-to 80-nm thickness were stained with alkaline lead citrate (54) for 30 sec or 1 min and examined in a Philips 4 10 or a Zeiss EM 10 electron microscope.
Light Microscopy. Semithin plastic sections of 0.5 pm were stained with modified methylene blue-?zur;ll (55) and used only for orientation.
Cytochemistty For discrimination of lysosomes and peroxisomes from other organelles, cytochemical stains were used to visualize acid phosphatase and catalase. contents (2) . Bile canaliculus (bc), bile ductule (bd), and nucleus (nu). ~4,000. TOXICOLOGIC PATHOLOGY Catalase. For visualization of peroxisomes, catalase peroxidatic activity was demonstrated after fixation in glutaraldehyde (see above) using alkaline 3,3'-diaminobenzidine (DAB) (43). Tissue slices were incubated in 10 mM Teorell-Stenhagen buffer (pH 10.0) containing 5 mM DAB and 0.5% H202 for 60 min at 37°C in a shakingwater bath. In control experiments, the tissue slices were either incubated in an equivalent medium without H202, or preincubated for 30 min at 4°C in 10 mM Teorell-Stenhagen buffer containing 0.2 M 3-amino-l,2,4-triazole followed by incubation in the complete DAB medium also containing 0.2 M aminotriazole. Sections were then postfixed in osmium ferrocyanide and processed for electron microscopy as described above.
Acid Phosphatase. For localization of lysosomal acid phosphatase reaction product, vibratome sections were recovered in 0.15 M cacodylate buffer, rinsed in 0.1 M acetate buffer (pH 5.0) and incubated at 20°C in a medium containing 50 ml 0.24% lead nitrate dissolved in double distilled water, 50 mlO.1 M acetate buffer, and 10 ml 3% P-glycerophosphate in water for 1 hr (45) . Incubated sections were rinsed repeatedly in double-distilled water until no further precipitates formed. Lead bound to specific sites in the tissue was reduced with 1% ammonium sulfide in water for 2 min. Sections were then rinsed in water, directly transferred to osmium ferrocyanide, and processed for electron microscopy as described above.
RESULTS

Control Aledaka
Hepatocytes of control medaka showed distinct cytoplasmic compartmentation (7) into a perinuclear region containing granular endoplasmic reticulum (GER), mitochondria, and peroxisomes and into a peripheral zone enriched in storage products such as glycogen and lipid (Figs. 1 and 2). As in other sexually active fish (5-7, 3 9 , there was a conspicuous sexual dimorphism between male and female medaka. Whereas hepatocytes of males were dominated by extensive glycogen deposits; but only showed moderate amounts of GER ( Fig. l) , hepatocytes of female medaka were characterized by a very strong development of the protein synthesizing apparatus, i.e., GER and Golgi (Fig. 2 ).
DEN-Exposed Aledaka
Alterations in organelles, as a function of time after onset of exposure, are presented in semiquantitative fashion ( Table I) . No mortalities were encountered on days 3 and 8, but 36.6% of surviving DEN-treated and 3.3% of control medaka died between days 9 and 14.
Gross liver alteration of DEN-treated medaka was blanching in both sexes. This alteration, seen at days 3 and 8, was interpreted as an indication of fatty change. Livers of fish sampled from both days 14 and 21 were not different from their controls.
Day 3. Because ultrastructural changes after 3 days of DEN exposure were similar in male and female medaka, observations in males and females are grouped. Reactions of medaka hepatocytes to DEN varied between individual cells ( Fig. 3 ). Alterations included pronounced nuclear change (Figs. 4-6), dramatic increase in cytoplasmic lipid vacuoles ( Fig. 3 ), and reduction in amount and presence ofaltered GER concomitant with apparent cessation of Golgi secretory activity, as evidenced by an almost complete absence ofGolgi fields. Glycogen was nearly absent from most cells, and cytoplasmic compartmentation was no longer evident. Hepatocyte diameter was diminished by 20% to 15.2 pm (n = 40). As a consequence of this change, volume of perisinusoidal and intercellular space was apparently increased, and the electron density of the hepatocellular cytoplasm in some cells was enhanced. In others, plasma membrane permeability change and focal rupture were associated with formation of translucent cytosol and swollen ER. Despite perfusion fixation, cellular debris was frequently encountered in sinusoids and larger blood vessels.
Whereas the nuclear diameter seemed unaffected by DEN exposure, nuclear shape displayed pronounced variability, resulting in branched, indented, or multilobed profiles. As a consequence of nuclear invagination, membranous and cytoplasmic lipid pseudoinclusions were seen ( Fig. 4 ). True inclusions were lipid droplets in the nucleoplasm (Fig.  4 ), without investment of nuclear envelope. Although mitotic figures were rare, binucleated cells Kkre ;frequent, apd an increased amount of heterochromatin, as large, randomly distributed clumps throughout the nucleoplasm, characterized some cells. In few nuclei, a capping ofthe heterochromatin (1); most hepatocytes display accumulation of lipid within GER cisternae to a lower (2) or higher (3) extent. Note proliferation of SER and distension of bile canaliculus (bc). Apparently necrotic hepatocytes with electron lucent cytoplasm and large lysosomes (ly) are rare (4) . Biliary cells accumulate, forming clusters (lower left). Note swollen mitochondria within biliary cells. ma = macrophage. Eight day DEN. ~4 , 3 0 0 . 
Abbreviations:absent, + rare, ++ common, +++ frequent, and ++++ very frequent. 9 Depending on the sexual activity of the females.
towards opposite sides, indicating early stages of apoptosis (64) (Fig. 5) , was observed. In all specimens investigated 3 days after initiation of exposure, up to half of the hepatocyte nuclei displayed ring-shaped nucleolar profiles enveloped by clusters of heterochromatin ( Fig. 6 ). Because cup-shaped nucleolar profiles were never found, we concluded that nucleoli had become hollow spheres. In other cells, the nucleolus appeared compact without separation into pars fibrosa and granulosa.
An apparent reduction in GER was seen ( Fig. 3) , with loss of orderly stacks and abundant meandering single cisternae. The latter were frequently vesiculated and fractionated ( Fig. 7) . In other cells, large stacks ofGER lamellae transformed into huge membranous whorls resembling myelinated bodies ( Fig.   8 ). In necrotic cells, GER was dilated ( Fig. 9 ), but the GER sheath around mitochondria was preserved.
Vitellogenin produced was apparently affected.
Normal Golgi fields were no longer present (Fig. 3) .
The number and size of Golgi vesicles containing lipoprotein granules were drastically reduced. Whereas the number of parallel stacks of Golgi was diminished, the number and size of single Golgi lamellae seemed unaffected by DEN. In some fish, Golgi cisternae were extremely fenestrated, whereas in others they were transformed into myelinated structures. Mitochondria displayed pleomorphism (Figs. [10] [11] [12] [13] . Cup-and dumbbell-shaped deformations were frequent. On rare occasions, mitochondria appeared swollen, displaying small myelinated structures and increased distance between inner and outer membranes. Stacking of mitochondria was frequent and the close association of mitochondria with GER lamellae was maintained (cf. Figs. 10-13 ). Due to a reduction in cellular volume, an apparent increase in mitochondria was suggested. Lysosomes were no longer restricted to peribiliary areas, were increased in number and varied in contents and diameter ranging from 0.7 to 3.5 pm. Many ofthese contained translucent clefts resembling cholesterol crystal inclusions. Autophagic vacuoles and residual bodies with diameters up to 4.2 pm and often myelinated were common. Accumulations of intermediate filaments were found in a perinuclear position and immediately beneath the plasma membrane of hepatocytes. Hepatocytes displayed reduced but variable amounts ofglycogen (Fig. 3) . Glycogen deposits were restricted to rare, single cells and, in the other rosettes, were randomly distributed between organelles. In contrast, a dramatic increase was seen in cytoplasmic lipid content. Diameter of single lipid inclusions reached 12 pm (Fig. 3) .
Lipid inclusions were also found in biliary epithelial cells (Figs. 14, 1 9 , which, in rare occasions, contained large phagocytic vacuoles and displayed an increased amount of intermediate filaments (Fig.  15) . No alterations were observed in endothelial cells. Day 8. Initial biliary ductular epithelial cell proliferation was seen and became more common later ( Fig. 16 , Table I ). Hepatocyte ultrastructure proved progressively more heterogeneous with time after exposure. Qualitatively, alterations described above"':continued to be seen. Apparent quantitative differences included general depletion of organelles; a sharp decline of cytoplasmic, but not nuclear lipid inclusions; occurrence of steatotic hepatocytes; pronounced pleomorphism of mitochondria; proliferation of smooth endoplasmic reticulum (SER); and development of spongiosis hepatis.
Nuclear envelopes were slightly dilated and displayed accumulations of lipoprotein particles ( Fig.  9 ). Only moderate and randomly distributed heterochromatin was seen. Ring-shaped nucleolar profiles were less frequent than earlier. Rather, nucleoli of most cells were very electron dense. Binucleated cells and nuclei with two nucleoli were frequent.
Additional organelles affected were ER, Golgi apparatus, and plasma membrane. The GER profile was unchanged, but lumina displayed appreciable amounts of lipoprotein particles (Fig. 8 ) and small lipid droplets of medium electron density (Fig. 17) . In some cells, intracisternal microvesicular lipid accumulated in vast amounts, filling up the entire ER (Figs. 3, 17) , which, in the final stages of steatosis (l), was devoid of ribosomes. About 20-259'0 of hepatocytes were steatotic (Fig. 3) . SER now occupied large fields in the cell periphery and showed an elaborate network of erratically shaped, anastomosing short cisternae ( Fig. 18 ). A few of these displayed tiny luminal lipid droplets. In addition, normal SER was detectable in half of the exposed fish. Although individual Golgi fields seemed hypertrophic in either sex, the number of Golgi vesicles was small. Very low density lipid (VLDL) granules in condensing vacuoles were scarce; vitellogenin was absent. At the perisinusoidal pole, the microvilli of a small amount of hepatocytes were elongated and branched, forming an erratically shaped network in the space of Disse. Hepatocyte nuclei showed several clumps of heterochromatin predominantly located just beneath the nuclear envelope. Cytoplasm was of low electron density and displayed irregularly shaped cisternae of ER, elaborate Golgi fields, few small mitochondria of increased electron density, and scarce electron-dense bodies. Hepatocytes were free of lipid inclusions and of DAB-positive peroxisomes. At the cell periphery, numerous vesicles (exo-or endocytotic) were seen.
The amount of macrophages, active in phagocytosis of degenerating hepatocytes, was further increased and restricted to the perisinusoidal space of Disse and cystic spaces within areas of spongiosis hepatis (Figs. 19, 20) (2). The spaces were cornparimentalized by fusiform or stellate spongiotic cells ( Fig. 20) . Nuclei'of spongiotic cells showed several clumps of heterochromatin predominantly located just beneath the nuclear envelope. Cytoplasm was of low electron density and displayed irregularly shaped cisternae of ER, elaborate Golgi fields, few small mitochondria of increased electron density, and scarce electron-dense bodies. Spongiotic cells were free of lipid inclusions and of DAB-positive peroxisomes. At the cell periphery, numerous vesicles (exo-or endocytotic) were seen. The processes of these cells contained conspicuous bundles (0.6 pm diameter) of intermediate filaments. Each measured approximately 9.1 nm in diameter and was separated from its nearest neighbor by a space of 6-16 nm (Fig. 20) . Filaments of similar dimensions and spacing were also found beneath the plasma membrane of endothelial cells adjacent to the perisinusoidal space of Disse (Figs. 22,23) . Desmosomes, common between spongiotic cells (Fig. 22) , endothelial cells (not shown), and spongiotic cells and endothelial cells (not shown), were never seen between spongiotic cells and hepatocytes.
Spaces lined by spongiotic cells were limited in their extension. The cavities were completely or partially filled with a coarsely granular material 20-80 nm in diameter and hapatocellular debris (Fig. 19) . Additionally, small bundles of cross-striated filaments (periodicity approx. 66 nm) resembling collagen were found (Fig. 21) .
Major microscopic alterations were massive enlargement of spongiotic areas (diameter up to 300 pm), presence of abundant macrophages in perisinusoidal and spongiotic spaces, and apparent increased incidence of apoptosis. Changes suggesting hepatocyte recovery or replacement of previously altered cells were also seen. Frequency of necrotic cells, lipid vacuoles, and steatotic hepatocytes was reduced. Glycogen depots and parallel arrays of hepatocyte GER lamellae were increased. Nuclear pleomorphism and the amount of nuclear lipid inclusions appeared reduced, as were hollowspherical nucleolar profiles. Heterochromatin remained reduced. Binucleated hepatocytes and nuclei with 2 nucleoli, however, were frequent.
Considerable interindividual variation persisted in GER. Whereas some fish displayed stacking of GER cisternae comparable to controls, other fish exhibited steatosis and altered GER. Apparent resumption of lipoprotein synthesis and transport was suggested by the presence, at 14 days, of 40-nm particles of medium electron density within Golgi condensing vesicles. However, no vitellogenin was observed in sections from any of the fish sampled at this time. Although certain cellular organelles showed reversal of alteration compatible with sublethal injury, hepatocyte reproductive function may have been compromised. Day 21. Evidence for reversal of earlier alterations continued to build. An increased number of hepatocytes showed parallel GER stacks, more abundant lipoprotein particles in cisternae, a further decline in the number of free lipid vacuoles in the cytoplasm, and a similar decrease in cisternal lipid vacuoles; common glycogen depots were seen. Abnormalities in nuclei and nucleoli were not seen at 21 days.
Remaining lipid cytoplasmic droplets acquired large size (6 pm diameter) and were in close association with mitochondria (cf. Fig. 12 ). The latter continued to show bizarre shapes, including dumbbell, branching, twisted, ring-shaped, and coiled profiles (cf. Figs. 10-1 3) . Cnstae were partially arranged as tubular structures in parallel to the longitudinal mitochondria1 axis (Figs. 12, 13) . The numbers and staining intensity of peroxisomes were increased at 2 1 days and approximated control levels. Biliary cells remained increased, and scattered lipid inclusions were seen in these otherwise normal appearing cells. Number and growth of spongiotic areas were only slightly increased over the previous sampling. Significant accumulations of macrophages, loaded with hepatocellular debris, were common (Fig. 24) . A conspicuous feature of macrophages was large heterophagic vacuoles exclusively containing glycogen ("glycogen sacs," Fig. 25 ). In addition to macrophages, lymphocytes and granulocytes were more abundant in cystic spaces as well as the interhepatocytic space ( Fig. 26) . We failed to detect signs of nuclear or cellular division in spongiotic cells. DISCUSSION Vascular perfusion fixation gave improved cellular preservation over immersion fixation (8, 42) , enabling us to describe a spectrum of ultrastructural alterations in specific liver cells of this small teleost. Hepatocytes showed appreciable toxic alteration. However, alternating dark and light cells, reputed to be a DEN-induced alteration in medaka (8), were not seen. Based on this and our previous studies in perfusion-fixed trout liver (23), we consider dark and light hepatocytes to be artifacts of preparation.
DEN exposure altered hepatocyte morphology and removed sexual dimorphism. Glycogen, a major component of hepatocytes from control males, diminished after exposure, possibly indicating a secondary response to stress (47) . Control female hepatocytes showed little SER, but, after exposure, this organelle was commonly seen in the form of anastomosing tubules and vesicles. These findings illustrate subcellular targets of DEN. Due to the relatively short duration of this study, we determined no long-term effect of DEN on hepatic reproductive function. However, an acute loss ofvitellogenin production was suggested by absence of Golgi-derived condensing vesicles with fine granular contents. This absence persisted despite a return toward control morphology in other organelles (days 14 and 21). Day-14 and day-21 hepatic morphology suggest that majhtenance, but not reproductive function, would be supported.
Certain hepatotoxicants have apparently affected t Fig. 18. (18) . Golgi fields (Go), lysosome (lys), and nucleus (nu). ( 1 7) Fourteen-day DEN, x 8,000;  and (1 8) 8-day DEN, x 8,700. female and male fish differently. Recent investigations in zebra fish exposed to 4-nitrophenol or lindane illustrate this point. In females, 4-nitrophenol was associated with the appearance of numerous openings within parallel cisternae of GER and were referred to as "fenestrations" (7) . 8-Hexachlorocyclohexane caused fractionation of female hepatocyte GER into tubules and vesicles (5) . Male alterations were identical (SER proliferation) with either compound. In addition, exposure of male medaka to B-hexachlorocyclohexane, an estrogen mimetic, resulted in production of female hepatocyte features Medaka hepatocyte GER and Golgi membranes are regarded as major cytoplasmic sites of toxic attack by DEN. Nitrosamine metabolism and alkylation have been demonstrated in liver slices ofgoldfish (Carassius anratus) and rainbow trout (O~icorliyiiclitis i~ykiss) (50) . Formation of 7-ethylguanine and 06-ethylguanine in rainbow trout liver followed a 24-hr aqueous bath exposure to DEN (1 8). The DNA adduct, 06-ethylguanine, was demonstrated in visceral masses of medaka exposed for 24 hr to DEN (19) . Because our first sampling of liver for morphologic analysis was performed at 3 days after initiation of exposure, we assume that the alterations in GER, SER, and Golgi are likely due to alkylation at these sites. The metabolism of DEN to toxic metabolites is considered to be due to cytochrome P,,,-mediated enzymes (4 1,59). We have recently localized the BNF-inducible isozyme of P450 (P450 IA1) to GER, SER, and canalicular plasma membrane of trout hepatocytes (44) . It is possible that metabolism and ER toxicity are linked and that the pronounced changes in this organelle are related to DEN metabolic activation and resultant toxicity.
FIGS. 17, 1 &-Late ER changes include accumulations of lipid droplets within GER cisternae (steatosis: note membranous sheath at arrowheads in 17) and proliferation of SER in
An additional consistent alteration was lipid change in the form of large vacuoles, coalescing throughout the 21 days of analysis, and accumulation of small lipid droplets within cisternae of ER, reaching appreciable amounts resembling steatosis (1) . Large lipid droplets in the cytosol may have arisen by enhanced fatty acid uptake. Stress in fish is known to be associated secondarily with a rise in plasmatic free fatty acids (47) . However, this is not a common mechanism for fatty change in rodents and may not be in fish. Alterations in mitochondria suggest diminished B-oxidation leading to lipid accumulation. Also, in females, attack on hepatocyte reproductive lipid-requiring functions may have led to diminished utilization of lipid in synthesis of yolkrelated substances and contributed to hepatic fatty change.
Accumulation of lipid within cisternae of ER was of interest where location alone suggests that proximal pathways and structures needed for transport (63).
were intact and functional. For example, some fatty livers arise due to diminished synthesis of the apoprotein for phospholipids and triglycerides (66). This defect leads to accumulation within cytosol, but not in cisternae. The fusion of ER-derived vesicles with Golgi apparatus, known to require cellular ATP (1 7), may have been compromised by mitochondria1 injury. This mechanism is well recognized in mammals (66). Additional support for this hypothesis could arise from the rapid depletion of hepatocyte glycogen in livers of this study. The flattened Golgi cisternae and the impacted ER seem to be consistent with this mechanism. Other models of fatty liver arise through toxic interaction with microtubules. These structures are necessary for the directed movement of vesicles within the hepatocyte. Because we encountered no Golgi-derived condensing vesicles with particulate lipoprotein in DEN-treated fish, we assume the defect to be proximal to this organelle.
Steatosis has been described in DEN-exposed young (8) and adult medaka liver (42), in zebra fish liver after exposure to lindane (9, and in turbot liver (58) . This change is of importance in companion biochemical studies of microsomal fractions. ER would likely result in diminished sedimentation of microsomes during centrifugation and lead to lowered recovery of microsomal protein and total cytochrome P450. Furthermore, the mechanism of pathological lipid accumulation in fish may be linked to action of specific xenobiotics, an interesting area for future investigation.
The appreciable augmentation ofcytoplasmic and nuclear lipid stores, in contrast to a sharp decline in glycogen deposits, has been reported in DENexposed medaka (8, 36, 42). Glycogen depletion is a common hormone-mediated, stress-related feature of fish liver (21,25) seen with inanition (57) or intoxication (3). However, we have no conclusive explanation for increased lipid stores of this study.
The nucleolus, another site of attack by DEN, underwent reorganization into a hollow-sphere during acute DEN exposure, and this change was previously unreported in fish. Perhaps nucleolar alter-ation& linked to DEN-DNA adduct formation. However, until qhantitative data are available linking amount of adduct formation with extent of nucleolar alteration, this remains conjecture. The increased variability in nuclear shape, formation of nuclear pseudoinclusions, and a uniform loss of hepatocellular compartmentation (4, 7) indicate disturbances in cytoskeleton. Proliferation of intermediate filaments in hepatocytes might account for elevated number of binucleated cells. As pointed out in our previous paper (42), early DEN toxicity camed no increased mitotic activity; therefore the persistently elevated number of binucleated cells (cf. (36)) in the present study indicates inhibition of cell division rather than stimulation of nuclear division.
Except for nucleolar changes and induction of tubular mitochondria1 cristae 21 days after onset of DEN-exposure, pathological alterations discussed so far cannot be regarded as specific for DEN-intoxication, but are observed after exposure to other chemicals (see (3) for references). Further nonspecific changes include induction of lysosomal elements, including autophagic vacuoles; transformation of fingerprint-like ER whorls into myelin and myelinated bodies of other origin; proliferation of SER; and increased mitochondrial pleomorphism.
This suite of pathological changes, however, might be of diagnostic value in biomarker-type studies (3, As reported earlier (42), hepatocytes are the most sensitive cell type for the cytotoxic action of DEN in medaka liver. In contrast to our earlier experiment, using long-term exposure at 50 mg/L DEN, a higher dose of 500 mg/L DEN for 48 hr also induces, due to increased toxicity, cytological alterations in preductular and ductular biliary cells, namely lipid inclusions and intermediate filaments. The latter are also increased in endothelial cells. The selective death of hepatocytes and the sparing effect on biliary epithelium, endothelium, and Ito cells (42) result in a relative increase of the stromal compartment. Simultaneously, a relative enhancement of biliary to hepatocyte cell ratios occurs (Fig. 16 ). The resulting proliferation needed to repopulate the parenchymal compartment could come from either or both hepatocytes and biliary epithelial cells.
The cystic areas observed in medaka liver 8 days 5-7).
after the onset of DEN exposure are most likely equivalent to similar changes in rat originally described by Bannasch et al (2) as spongiosis hepatis. Spongiosis hepatis is a common finding in fish exposed to chemical carcinogens (9, 22, 28, 31, 32, 36, 37) . Most reports on hepatotoxicant-induced spongiosis in fish refer to spongiotic cells as perisinusoidal cells of Ito. There is no reason to discount these findings. However, according to our results spongiotic cells and endothelial cells may share common ultrastructural features (27, 42) . This raises the potential problem of discriminating spongiosis from peliosis. Approaches will require specific cellular markers if precise differentiation is to be obtained.
The results of this study have shown that medaka exposed to DEN respond with organelle and cellular changes akin to their mammalian counterparts. DEN is a potent hepatocarcinogen in medaka (31), and, as we have shown, is a useful agent for determination of cellular alterations in teleost liver toxicity. Laboratory studies with a sensitive, small, surrogate species such as medaka enable detection of chronic toxicity endpoints (16) and establishment of target organs and cells, thereby decreasing the number of tests necessary with larger, commercially important fish species that require longer time from exposure to endpoint and have greater demands for water and space. 
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